Background: Blast-related ocular injuries sustained by military personnel have led to rigorous efforts to elucidate the effects of blast exposure on neurosensory function. Recent studies have provided some insight into cognitive and visual deficits sustained following blast exposure; however, limited data are available on the effects of blast on pain and inflammatory processes. Investigation of these secondary effects of blast exposure is necessary to fully comprehend the complex pathophysiology of blast-related injuries. The overall purpose of this study is to determine the effects of single and repeated blast exposure on pain and inflammatory mediators in ocular tissues. Methods: A compressed air shock tube was used to deliver a single or repeated blast (68.0 ± 2.7 kPa) to anesthetized rats daily for 5 days. Immunohistochemistry was performed on ocular tissues to determine the expression of the transient receptor potential vanilloid 1 (TRPV1) channel, calcitonin gene-related peptide (CGRP), substance P (SP), and endothelin-1 (ET-1) following single and repeated blast exposure. Neutrophil infiltration and myeloperoxidase (MPO) expression were also assessed in blast tissues via immunohistochemistry and enzyme-linked immunosorbent assay (ELISA) analysis, respectively. Results: TRPV1 expression was increased in rat corneas exposed to both single and repeated blast. Increased secretion of CGRP, SP, and ET-1 was also detected in rat corneas as compared to control. Moreover, repeated blast exposure resulted in neutrophil infiltration in the cornea and stromal layer as compared to control animals. Conclusion: Single and repeated blast exposure resulted in increased expression of TRPV1, CGRP, SP, and ET-1 as well as neutrophil infiltration. Collectively, these findings provide novel insight into the activation of pain and inflammation signaling mediators following blast exposure.
Introduction
Improvised explosive devices (IEDs) have drastically transformed modern warfare and more importantly how medicine cares for wounded military personnel. The use of IEDs by insurgents in Iraq and Afghanistan has consequently led to a significant increase in blast-related injuries. 1, 2 Blast injuries are generally categorized as primary to quaternary and can evoke a myriad of effects on multiple body systems. [3] [4] [5] Importantly, ocular injuries are the fourth most common battlefield injury, 2 constituting approximately 13% of all combat injuries. 6 Despite the fact that the eye is relatively small, being responsible for only 0.1% of the frontal surface area, 7 it is the most important sensor available to military personnel. Unfortunately, even with protective gear the eye is frequently exposed and susceptible to penetrating blastrelated injuries that can result in vision loss. Importantly, closedeye or non-penetrating ocular and sensory injuries, which may not be readily apparent, are of great concern as well.
Current research efforts are predominantly focused on cognitive and visual deficits sustained following blast exposure. [8] [9] [10] Unfortunately, research to investigate the secondary effects of blast injuries, such as chronic pain and inflammation, are somewhat limited. A comprehensive understanding of both primary and secondary effects of blast exposure is crucial for the effective care and treatment of blastrelated injuries, to include ocular trauma. Exposure to a blastwave is a well-established mechanism of traumatic injury that results in ocular damage and visual deficits. [11] [12] [13] [14] [15] [16] Recently, our group developed a rodent model to assess the effects of single and repeated low-level blast-wave exposure. Our recent data revealed that low-level blast exposure induced apoptosis in the retina 16 as well as increased inflammation in the optic nerve. 17 Based on these findings, we sought to utilize this model to assess the effects of low-level blast exposure on pain and inflammatory signaling mediators in ocular tissues. The TRPV1 channel is well characterized for its role in inflammation and pain transmission. TRPV1 is a non-selective, polymodal cation channel activated by multiple stimuli, to include noxious heat (>42°C), acidic pH, and capsaicin 18, 19 and is predominantly expressed in nociceptive neurons of the peripheral and central nervous system. Recent literature has demonstrated TRPV1 expression in various ocular tissues, to include the cornea 20, 21 and retina. 22, 23 Of interest, a critical role of TRPV1 in neuronal injury and wound healing has also been identified in both the cornea and retina. [24] [25] [26] Previous studies have also demonstrated co-expression of TRPV1 with the neuropeptides calcitonin gene-related peptide (CGRP) and substance P (SP) in the cornea. 20, 21 Importantly, following activation of TRPV1, CGRP and SP are released from primary sensory neurons, resulting in the activation of pain and inflammatory signaling pathways. 27, 28 In addition to these peptides, emerging evidence also implicates ET-1, a well-characterized vasoconstrictive peptide, in pain transmission via potentiation of TRPV1. [29] [30] [31] [32] Altogether, these data provide the rationale to investigate TRPV1 and these associated peptides in blast-related pain and inflammation processes in ocular tissues. To determine the effect of blast exposure on pain and inflammatory mediator expression, we performed immunohistochemical analysis on rat corneal sections obtained from animals exposed to either a single or repeated blast (68.0 ± 2.7 kPa). We proposed to investigate whether blast exposure alters expression of these proteins in ocular tissues. Increased expression of pain and inflammatory mediators following blast exposure may provide critical insight into the pathophysiology of secondary blast-related injuries.
Our findings presented herein revealed that both single and repeated blast-wave exposure results in increased expression of the TRPV1 receptor, CGRP, SP, and ET-1 in the cornea epithelial and stromal layers. Collectively, the results presented herein indicate that low-level blast exposure stimulates the up-regulation and secretion of pain and inflammatory signaling mediators. Further investigation is necessary to elucidate the functional and behavioral effects of blast exposure on TRPV1 activity, which may identify therapeutic treatment options for the treatment of blast-related injuries, to include chronic pain and inflammation.
Methods

Blast exposure experimental design
Adult male Long Evans rats (300-350 g) were randomly divided into one of two blast-exposed groups (single and repeated) or a control group (n = 5 per group). Animals were anesthetized with a ketamine-xylazine cocktail and positioned into a mesh holder ( Figure 1A -B). Rats were placed into the end of an expansion chamber of an air-driven shock tube facing into the incident blast wave ( Figure 1C ), then subjected to a peak overpressure of 68.0 ± 2.7 kPa for a positive pressure peak duration of 2.8 ± 0.1 ms as previously described.
17 Figure 1D is a representative shock wave produced by the Institute of Surgical Research (ISR) shock tube as measured by the reference and reflected pressure sensors indicated in Figure 1B -C. Control animals were handled in the same manner, anesthetized and placed in the end of the expansion chamber in the shock tube without receiving a blast exposure. Blast-exposed rats received either a single-blast exposure on the first day of experiments or repeated blast exposure once daily for five consecutive days. All blastexposed groups were euthanized on day 5 of the experiment, with the repeat blast group euthanized 1 h following the last blast exposure, and the group receiving only a single exposure was euthanized 96 h after blast exposure. Frozen, paraffinembedded sections of rat corneas, collected at euthanization, were utilized for all immunohistochemistry experiments. This study was conducted in compliance with the Animal Welfare Act, implementing Animal Welfare Regulations, the principles of the Guide for the Care and Use of Laboratory Animals (IACUC), and approved by the Institute of Surgical Research (ISR) IACUC committee.
Tissue histopathology
Rat ocular tissue samples were carefully collected to prevent surgical damage and fixed for 24 h with modified Davidson's solution (64133-50, EMS, PA), followed by immersion in formalin. The fixed samples were then moved through increasing percentages of alcohol to 100% and then blocked in paraffin. About 5-mm thick sections were cut from the paraffin-embedded tissue. These sections were de-paraffinized in xylene and rehydrated in descending grades of ethanol (100%, 70%, and 45%) and then water. Staining for hematoxylin and eosin (H&E) was performed using a standardized protocol. 33 
Immunohistochemistry (IHC)
Protein expression was determined on frozen, de-paraffinized sections using antibodies directed against TRPV1, CGRP (GP14100, RA24112; Neuromics, Edina, MN), SP, and ET-1 (ab14184, ab2786; Abcam, Cambridge, MA). Following primary antibody incubation, tissue sections were incubated with the appropriate Alexa-Fluor secondary antibodies (Life Technologies, Grand Island, NY). Sections receiving only secondary antibody were included as negative controls. Sections of spinal cord and dorsal root ganglia (DRGs) were also performed as positive controls for TRPV1, CGRP, and SP staining.
Microscopy
Immunofluorescence images of rat corneas were taken at 60× using an oil immersion objective in an Olympus BX 53 microscope. Scale bar on images represents 10 μM. For neutrophil infiltration analysis in ocular tissues, bright field images were obtained using a 40× magnification. Images are representative of five to six animals for each group. Two tissues per animal from the center cut of the cornea were assessed for neutrophil infiltration. Red arrows indicate specific expression of neutrophils in rat cornea following repeat blast.
Myeloperoxidase (MPO) ELISA assay
While under ketamine-xylazine sedation, blood samples were collected from rats by cardiac puncture at the experimental end time point (97 h). Blood samples were immediately placed into tubes containing 200 mM sodium citrate for plasma collection. Concentrations of MPO were measured according to manufacturer's instructions (MPO; HK105, HyCult Biotechnology, Uden, the Netherlands). This method utilizes a biotinylated capture antibody generated against MPO and a peroxidase-labeled reporter antibody directed against MPO.
Statistical analysis
Quantified TRPV1 expression in the rat cornea was performed via one-way ANOVA with Bonferroni post-hoc analysis, **, p < 0.01, NS not significant. MPO results were analyzed via one-way ANOVA with Newman-Keuls multiple comparison test with significance set at p < 0.05. All data are expressed as the mean ± SEM.
Results
Single and repeat blast exposure results in increased TRPV1 expression in the rat cornea
In agreement with previous studies, TRPV1 expression was detected in the rat cornea in non-blast, control animals. 20, 25, 34 Interestingly, rats exposed to either a single or repeated blast demonstrated a substantial increase in TRPV1 expression in the cornea as compared to control animals ( Figure 2A) . No discernible differences in TRPV1 expression were observed in single versus repeat blast-exposed ocular tissues ( Figure 2B ). Although TRPV1 expression was detected in the retinal ganglion cell (RGC) layer of the retina, no difference in expression was observed in control animals versus single or repeated blast-exposed animals (data not shown) in the posterior segment of the eye.
Blast exposure leads to increased CGRP, SP, and ET-1 secretion in the rat cornea corneas following either a single or repeated low-level blast ( Figure 5 ). Importantly, all of these increases in peptide expression coincided with increased expression of the TRPV1 receptor. Increased expression of CGRP, SP, and ET-1 was also observed in the stromal layer of the cornea; however, no significant differences in this layer were observed Immunofluorescence analysis was performed on rat corneal sections exposed to either a single or repeated blast (70 KPa). Tissues were subjected to staining with anti-TRPV1 (1:250) and anti-CGRP (1:600) antibodies and probed with Alexa Fluor 568 and 488 secondary antibodies, respectively. Nuclei were visualized with DAPI staining (1:1000). Images were captured at 60× magnification, oil immersion. Cornea layers are indicated as Epi = epithelial, Str = Stromal.
following single and repeated blast-wave exposure. These results indicate that low-level blast exposure, both single and repeated, resulted in increased peptide expression in the cornea as compared to control non-blast tissues.
Blast exposure and neutrophil infiltration
To determine the effect of blast exposure on inflammation, H&E staining was conducted to assess neutrophil expression in the cornea. Neutrophil infiltrates were observed in the corneal stromal layer of rats exposed to both a single and repeated blast (Figure 6) . A significant number of neutrophils were observed in the stromal layer closest to the ciliary body of repeat, blast-exposed rats. Repeated blast tissues demonstrated 10.6 ± 1.9 neutrophils/mm 2 in the cornea, proximal to the limbus, as compared to single-blast tissue, which was negligible (Table 1) . Increased neutrophil infiltration was further substantiated by increased MPO levels in the blood from repeated blast animals (5.09 μg/mL) as compared to control (3.08 μg/mL) ( Figure 7 ).
Discussion
Pain complaints are highly prevalent among military veterans and importantly are co-morbid with more severe conditions, to include post-traumatic stress disorder (PTSD) and traumatic brain injury (TBI). 35 A recent study evaluated pain treatment outcomes of military personnel following blast exposure and revealed that this unique patient population experienced higher levels of hospital admission as well as reduced improvements in pain intensity. 36 As such, a greater understanding of blast-related injuries is required to effectively manage and treat secondary blast-related injuries. The findings presented herein are the first to demonstrate blast exposure effects on pain and inflammatory mediator expression in ocular tissues. Rats subjected to either a low-level single or repeated blast demonstrated substantial increases in TRPV1 expression in the cornea (Figure 2 ). Up-regulated TRPV1 expression coincided with increased CGRP, SP, and ET-1 expression following blast exposure (Figures 3-5) . Crosstalk with various proteins and receptor systems is known to modulate TRPV1 and potentiate its activity. 31, 37 Specifically, ET-1 is known to enhance TRPV1-mediated nociception and thermal hyperalgesic responses. [29] [30] [31] Interestingly, a receptor splice variant of TRPV1 was recently found to modulate receptor activity. To date, at least three rat TRPV1 splice variants have been identified in neuronal and non-neuronal tissues. [38] [39] [40] The splice variant, TRPV1 VAR , was identified to physically interact with canonical TRPV1 and differentially modulate the receptor depending on the cellular context. 39 Further studies to characterize proteins that modulate TRPV1-mediated behavioral pain responses may identify potential therapeutics to alleviate pain and inflammatory processes associated with blast-related injuries.
TRPV1 is primarily expressed on small, unmyelinated sensory neurons in the trigeminal ganglia and is well characterized for its role in mediating various types of pain. The trigeminal nerve is the principal sensory nerve of the head that provides dense sensory input to the cornea, the most richly innervated surface tissue in the body. 41 Moreover, the receptor is expressed in various tissues of the eye, to include corneal epithelial, endothelial layers, stromal fibroblasts, and nerve fibers 26, 34 . Of interest, increased TRPV1, CGRP, and SP Values represented denote number of neutrophils/mm 2 close to both sides of the limbus.
Control
Single Blast Repeat Blast expression levels are correlated with patients suffering from chronic migraines. 42, 43 TRPV1 antagonists have also been evaluated in the treatment of this disorder. 44 Of direct relevance to our research, a significant percentage of military veterans with blast-related injuries and confirmed TBI have also been diagnosed with migraine headaches and/or chronic, daily headaches. 45 Inflammatory cytokines are known to play a significant role in trigeminal nerve sensitization regulation in migraines. 34, 46 Interleukin-6 (IL-6), produced in the initial phase of acute and chronic inflammation by fibroblasts, macrophages, and neutrophils, is heavily implicated in migraines. 47, 48 A recent study revealed that TRPV1-mediated secretion of IL-6 in corneal fibroblasts enhanced wound healing and resulted in corneal opacification. 25 Collectively, these findings suggest that receptor expression in corneal epithelial and stromal layers appears to possess diverse functions as compared to ocular sensory fibers. The differential roles of TRPV1 in wound healing in the cornea and pain transmission in ocular sensory fibers highlight the functional complexity of the receptor in ocular tissues. 31, 37, [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] Our rodent model of blast injury, which utilizes a compressed air-driven shock tube to deliver a single or repeated blast, has recently demonstrated that low-level exposure induced apoptosis in the retina 16 and increased inflammation in the optic nerve. 17 These data correlate with our findings presented herein, in which we demonstrate significant neutrophil infiltration in the cornea following blast exposure ( Figure 5 ). Recruitment of neutrophils from the circulating blood to the site of tissue injury is an early event and one of the important elements of innate immunity. 50 MPO is a peroxidase enzyme abundantly expressed in the azurophilic granules of neutrophils and is released into the extracellular space during degranulation. 51 Accordingly, increased expression of MPO was detected in the blood of rats following lowlevel repeated blast exposure (Figure 7) . Importantly, differences in MPO expression of single and repeated blast tissues may be an artifact of sample collection times. 50, 51 Single-blast samples were taken 4 days following blast and repeated blast samples were taken 1 h post the final blast. Future studies are planned to appropriately determine these effects; however these data demonstrate that low-level blast leads to an inflammatory response as evident by the recruitment of neutrophils to ocular tissue. Neutrophil migration to the site of damage/ injury leads to the release of additional chemical mediators and amplification of the inflammatory response. Initiation of an inflammatory response coupled with increased TRPV1 and associated peptide expression provide crucial evidence, which highlight the detrimental effects of blast. Studies to evaluate the physiological consequences are necessary to comprehend the contribution of these pain and inflammatory mediators in blast pathophysiology, specifically with regard to ocular and sensory injuries.
In conclusion, both low-level single and repeated blast exposure resulted in increased expression of TRPV1, CGRP, SP, and ET-1 in the cornea. Low-level blast exposure in a rat model also resulted in increased neutrophil infiltration in the cornea and stromal layer, which was supported by increased levels of blood MPO. The results of this study provide novel insight into the impact of blast exposure on protein expression, which may underlie chronic pain and inflammation experienced by wounded military personnel. Future animal studies to investigate the functional activity of TRPV1 and behavioral pain responses following blast exposure will enable a greater understanding of blast pathophysiology and related secondary injuries.
